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Motivations

The Drell-Yan process [pre11,van(’70)] is the most “classical”
hard-scattering process in hadron-hadron collisions. Its study is well
motivated:

@ Large production rates and clean experimental signatures.

@ Constraint for fits of PDFs.

@ Precise prediction for My, and Beyond the Standard Model
analysis.

@ Test of perturbative QCD predictions.
The above reasons and precise experimental data demands for

accurate theoretical predictions = computation of higher-order
QCD corrections.
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The Drell-Yan (DY) process

hl(pl) fa/hl(xhp,zF)

h(p1) + ha(p2) — V(M)+X — 03+ 6+ X 1%
where  V =~* 20 WE  and 016, = €10 0, i
‘X

ha(p2)  fypon?)
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The Drell-Yan (DY) process

hl(pl) fa/hl(xhp,zF)

h1(p1)+h2(p2) — V(M)+X — b1+l + X

where V =~%,Z% Wt and 010, = €10 u,

ha(p2)  fypon?)

According to the QCD factorization theorem:

1 1
do(p1, p2) = Z/dxl/de foyi (X1, 1F) foyny (X2, F) dBab(x1p1, Xop2; F).-
ab 0 0

Giancarlo Ferrera — Universita di RADCOR 2011 Mamallapuram - 27/9/2011
er order QCD corrections for the Drell-Yan process 4/25




The Drell-Yan (DY) process

hl(pl) fa/hl(xhp,zF)

h1(p1)+h2(p2) — V(M)+X — l+b+ X

where  V =~* 20 WE  and 016, = €10 0,

ha(p2)  fypon?)

According to the QCD factorization theorem:

1 1
do(p1, p2) = Z/dxl/de fur (50, 1) foymy (X2, 1) dGab (31 p1, Xop2; i)
ap 70 0

N A A A0)/n & N PPN
A6 (1, poi p2) = d6D(pr, bos k) + as(p) dal)(pr, bo; 1)

A(2)/a A
+ a2(1%) d6D (B, Po 1%, 1%) + O(ad).
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State of the art: fixed order perturbative calculations

o QCD corrections:

& Total cross section known up to NNLO
[Hamberg,Van Neerven,Matsuura(’91)], [Harlander,Kilgore(’02)]

@ Rapidity distribution known up to NNLO
[Anastasiou,Dixon,Melnikov,Petriello(’03)]

o Fully exclusive NNLO calculation completed [Melnikov,Petriello(’?06)],
[Catani,Cieri,de Florian,G.F.,Grazzini(’09)]

o Vector boson transverse-momentum distribution known up to NLO
[Ellis,Martinelli,Petronzio(’83)], [Arnold,Reno(’89)],
[Gonsalves,Pawlowski,Wai(’89)]

@ Electroweak corrections are know at O(«)
[Dittmaier,Kramer (’02)], [Baur,Wackeroth(’02)],

[Carloni Calame,Montagna,Nicrosini,Vicini(’06)]
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A fully differential Drell-Yan NNLO computation
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NNLO corrections

DY fully differential NNLO computation

Catani,Cieri,de Florian,G.F.,Grazzini arXiv:0903.2120

@ A NNLO extension of the subtraction formalism valid for the

production of colourless high-mass system in hadron collisions was
proposed and applied for Higgs boson production
[Catani,Grazzini(’07)].
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NNLO corrections

DY fully differential NNLO computation

Catani,Cieri,de Florian,G.F.,Grazzini arXiv:0903.2120

@ A NNLO extension of the subtraction formalism valid for the
production of colourless high-mass system in hadron collisions was
proposed and applied for Higgs boson production

[Catani,Grazzini(’07)].

@ This method was used to perform a fully exclusive NNLO calculation
for vector boson production. An analogous computation exists
[Melnikov,Petriello(’06)].
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NNLO corrections

DY fully differential NNLO computation

Catani,Cieri,de Florian,G.F.,Grazzini arXiv:0903.2120

@ A NNLO extension of the subtraction formalism valid for the
production of colourless high-mass system in hadron collisions was
proposed and applied for Higgs boson production

[Catani,Grazzini(’07)].

@ This method was used to perform a fully exclusive NNLO calculation
for vector boson production. An analogous computation exists
[Melnikov,Petriello(’06)].

@ The calculation is implemented in a parton level Monte Carlo and
includes the «-Z interference, finite-width effects, the leptonic decay
of the vector bosons and the corresponding spin correlations.
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NNLO corrections

DY fully differential NNLO computation

Catani,Cieri,de Florian,G.F.,Grazzini arXiv:0903.2120

@ A NNLO extension of the subtraction formalism valid for the
production of colourless high-mass system in hadron collisions was
proposed and applied for Higgs boson production

[Catani,Grazzini(’07)].

@ This method was used to perform a fully exclusive NNLO calculation
for vector boson production. An analogous computation exists
[Melnikov,Petriello(’06)].

@ The calculation is implemented in a parton level Monte Carlo and
includes the «-Z interference, finite-width effects, the leptonic decay
of the vector bosons and the corresponding spin correlations.

@ The Fortran code of the program DYNNLO can be downloaded from:

http://theory.fi.infn.it/grazzini/dy.html
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NNLO corrections

A NNLO extension of the subtraction method

hi(p1) + ho(p2) — V(M,qr)+ X
V is one or more colourless particles (vector bosons, leptons, photons, Higgs
bosons,. ) [Catani,Grazzini(’07)]. g

VA AT = —kT

g
q kT
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NNLO corrections

A NNLO extension of the subtraction method

h(p1) + ha(p2) = V(M,qr)+ X
V is one or more colourless particles (vector bosons, leptons, photons, Higgs

bosons,. ) [Catani,Grazzini(’07)]. g
@ Key point I: at LO the gt of the V is exactly zero. VA 9T = —k7
v V+tjet g
do(mneolar#0 = do JLeos ) a kr

for g # 0 the NNLO IR divergences cancelled with the NLO subtraction method.
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NNLO corrections

A NNLO extension of the subtraction method

h(p1) + ha(p2) = V(M,qr)+ X
V is one or more colourless particles (vector bosons, leptons, photons, Higgs

bosons,. ) [Catani,Grazzini(’07)]. g
@ Key point I: at LO the gt of the V is exactly zero. VA 9T = —k7
v V+tjet g
do(mneolar#0 = do JLeos ) a kr

for g # 0 the NNLO IR divergences cancelled with the NLO subtraction method.

@ The only remaining NNLO singularities are associated with the gr — 0 limit.
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NNLO corrections

A NNLO extension of the subtraction method

h(p1) + ha(p2) = V(M,qr)+ X
V is one or more colourless particles (vector bosons, leptons, photons, Higgs

bosons,. ) [Catani,Grazzini(’07)]. g
@ Key point I: at LO the gt of the V is exactly zero. VA 9T = —k7
v V+tjet g
do(mneolar#0 = do JLeos ) a kr

for g # 0 the NNLO IR divergences cancelled with the NLO subtraction method.
@ The only remaining NNLO singularities are associated with the gr — 0 limit.

@ Key point II: treat the NNLO singularities at g7 = 0 by an additional subtraction
using the universality of logarithmically-enhanced contributions from gr
resummation formalism [Catani,de Florian,Grazzini(’00)].
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NNLO corrections

A NNLO extension of the subtraction method

h(p1) + ha(p2) = V(M,qr)+ X
V is one or more colourless particles (vector bosons, leptons, photons, Higgs

bosons,. ) [Catani,Grazzini(’07)]. g
@ Key point I: at LO the gt of the V is exactly zero. VA 9T = —k7
v V+tjet g
do(mneolar#0 = do JLeos ) a kr

for g # 0 the NNLO IR divergences cancelled with the NLO subtraction method.
@ The only remaining NNLO singularities are associated with the gr — 0 limit.

@ Key point II: treat the NNLO singularities at g7 = 0 by an additional subtraction
using the universality of logarithmically-enhanced contributions from gr
resummation formalism [Catani,de Florian,Grazzini(’00)].

co  2n 2 2
" M2 1 M

doynio T dolo®E(qr/M)dgr = dolo®d S :(%5) z("’“—qz I~ 7 d’qr
n=1 k=1 T T

do’T I dolo © T(qr/M)dg’
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NNLO corrections

The final result is:

v % Y Vtjets C
do‘mynco = Hinynro ® dofo + {dU(N)']LCo - dU(I\IT)LO} 7

2
where Hinio = {1 + %HV(U + (%) HV@)}
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NNLO corrections

The final result is:

v % Y Vtjets C
do‘mynco = Hinynro ® dofo + {dU(N)']LCo - dU(I\IT)LO} 7

2
where Hinio = {1 + %HV(U + (%) HV@)}

@ The choic% of the counter-term has some arbitrariness but it must behave
— . .
doT I3 doly ® X(q7/M)dg%. Note that £(gr/M) is universal.
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NNLO corrections

The final result is:

V+jets

] Vv C
da(V\l)NLO = H(\j\I)NLO ®dojo+ {dJ(N)LO - d(f(NT)Lo} )

2
where Hinio = {1 + %HV(U + (%) HV@)}

@ The choic% of the counter-term has some arbitrariness but it must behave
ar =,

do’T = do)p ® £(qr/M)dg3. Note that X(q7/M) is universal.

@ do“7 regularizes the gr = 0 singularity of doV™°*: double real and real-virtual
NNLO contributions, while two-loops virtual corrections are contained in H Ny, o-
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NNLO corrections

The final result is:

v % Y Vtjets C
do‘mynco = Hinynro ® dofo + {dU(N)']LCo - dU(I\IT)LO} 7

2
where Hinio = {1 + %'HV(U + (%) HV@)}

@ The choic% of the counter-term has some arbitrariness but it must behave
ar =,

do’T = do)p ® £(qr/M)dg3. Note that X(q7/M) is universal.
@ do“7 regularizes the gr = 0 singularity of doV™°*: double real and real-virtual
NNLO contributions, while two-loops virtual corrections are contained in H Ny, o-
@ Final state partons only appear in doV/73¢% so that NNLO IR cuts are included in
the NLO computation: observable-independent NNLO extension of the subtraction
formalism.
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NNLO corrections

The final result is:

v % Y Vit jets C
do‘mynco = Hinynro ® dofo + {dﬂ( Lo ~ dU(I\IT)LO} 7

2
where Hinio = {1 + %'HV(U + (%) HV@)}

@ The chomg of the counter-term has some arbitrariness but it must behave
do’T = dolp @ X(qr/M)dg>. Note that E(qr/M) is universal.

@ do“7 regularizes the gr = 0 singularity of doV™°*: double real and real-virtual

NNLO contributions, while two-loops virtual corrections are contained in H Ny, o-

@ Final state partons only appear in doV/73¢% so that NNLO IR cuts are included in
the NLO computation: observable-independent NNLO extension of the subtraction
formalism.

@ NLO calculation requires davﬂets and HY® [de Florian, Grazzini(’01)].
q
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NNLO corrections

The final result is:

v % Y Vit jets C
do‘mynco = Hinynro ® dofo + {dﬂ( Lo ~ dU(I\IT)LO} 7

2
where Hinio = {1 + %HV(U + (%) HV@)}

@ The chomg of the counter-term has some arbitrariness but it must behave
do’T % doly @ T(qr/M)dg%. Note that E(qr/M) is universal.

@ do“7 regularizes the gr = 0 singularity of doV™°*: double real and real-virtual
NNLO contributions, while two-loops virtual corrections are contained in H Ny, o-

@ Final state partons only appear in doV/73¢% so that NNLO IR cuts are included in
the NLO computation: observable-independent NNLO extension of the subtraction
formalism.

@ NLO calculation requires davﬂets and HYW [de Florian, Grazzini(’01)].

@ At NNLO we need also doy, 3% [Giele et al.(’93), McFM] and H"(®
[Catani,Cieri,de Florian,Grazzini,G.F.: [arXiv:0903.2120]].
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NNLO corrections

30 T T T T

PP +(Z+7")+X~ete +X

[ HMp=pp=mg 1 B 108 —

2 [ Hp=pp=my E

E F 1ot —
g + 1 3 E
2 2 3
Ic} a ]
5 % ]

T T
Vs=1.96 TeV

T
MSTW2008

I pp ~W+X-sev+X

Vs=1.96 TeV, MSTW2008
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Prmn (GeV) Prmex (GeV) 20 40 60 80
my (GeV)

Minimum (left) and maximum (right)
lepton pt distribution for Z production at
the Tevatron.

The error bars in the histograms refer to
the Monte Carlo numerical errors.

Transverse mass distribution for W
production at the Tevatron:

mr = \/2P’TP'?"“(1 — cos Py, )

Cuts: pr i > 20GeV ;|n| < 2;
70 GeV < m_; - <110 GeV

Cuts: p7™ss > 25 GeV/;
pr! > 20 GeV

Inl < 2;

ete
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NNLO corrections

W and lepton charge asymmetry at NNLO
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W and lepton asymmetry

W and lepton charge asymmetry at NNLO

Catani,G.F.,Grazzini arXiv:1002.3115

Consider pp collisions: the LO cross section is controlled by the partonic

subprocesses -
U+D— Wr—= Ity ., D+U—=> W = I" i,
p up(x1) dp(x1)
WH(yw =~ 31 ) W~ (yw =~ 3In =)
p dp(x2) =dp(x2) Op(x2) =up(x2)
= ow+(yw ~ 3 In L) ~ up(x1)dp(x2) ow-(yw =~ 3 In L) ~ up(x2)dp(x1)
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W and lepton asymmetry

W and lepton charge asymmetry at NNLO

Catani,G.F.,Grazzini arXiv:1002.3115

Consider pp collisions: the LO cross section is controlled by the partonic

subprocesses -
U+D— Wr—= Ity ., D+U—=> W = I" i,
p up(x1) dp(x1)

WH(yw =~ 31 ) W~ (yw =~ 3In =)
p dp(x2) =dp(x2) Op(x2) =up(x2)
= ow+(yw =~ % In %) ~ Up(x1)dp(x2) ow-(yw =~ %In )X%) ~ Up(x2)dp(x1)

IF up in proton moves (on average) faster than d,
(i.e. u(x) > d(x) for x ~ ’\% ~ 0.04)

THEN W™ (W™) produced mainly in

proton (antiproton) direction.

Mainly sensitivity to u(x) — d(x) proton density
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W and lepton asymmetry

W and lepton charge asymmetry at NNLO

Catani,G.F.,Grazzini arXiv:1002.3115

Consider pp collisions: the LO cross section is controlled by the partonic

subprocessei o
U+D— Wr—= Ity ., D+U—=> W = I" i,
p up(x1) dp(x1)

WH(yw = 3 In L) W= (yw =~ 3In %)
p d5(x2) =dp(x2) p(x2) 7UP(X2)
= ow+(yw = 31In ) ~ up(xa)dp(x2) w-(yw ~ 3In2 ) ~ up(xe)dp(x1)

1

1.03--1 T ™ T

proton (antiproton) direction. 02

IF up in proton moves (on average) faster than d, 08F _;
(ie. u(x) > d(x) for x ~ 2% ~ 0.04) ® 08F —
THEN WH(W™) produced mainly in  04f =

T

Mainly sensitivity to u(x) — d(x) proton density [
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W and lepton asymmetry

W rapidity distribution

Boi pﬁcW*LX»l*y+X‘ ﬁ:‘l}gﬁ Tev ‘ MSTW‘ZOOB ] @ Owing to CP invariance W rapidity distribution
[ —=== 1 in pp collisions fulfills
? = = ] do(W*)/dyw = do(W™)/d(—yw)
60— —
= [
CRE =
® 40— = —
L L0 =
20— ---- NLO ]
: = —— NNLO
14 I —
12 == e 4
= NNLO/NLO E
e S P I R R
-3 -2 -1 0 1 2 3

Rapidity distributiony'of an on-shell
W boson at the Tevatron Run I
in LO (PDFs at LO, 1-loop as),
NLO (PDFs at NLO, 2-loops as)
and NNLO (PDFs at NNLO, 3-loop
as) QCD.
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W and lepton asymmetry

W rapidity distribution

Boi p§¢w+‘+x)1+,,+x‘ ¢s:‘1,96 Tev ‘ MSTW‘ZOOB ] @ Owing to CP invariance W rapidity distribution
[ —=== ] in pp collisions fulfills
: == L do(WH)/dyw = do(W)/d(—yw)
60— — .
L = = 1 @ No cuts are applied on final states.
2 = ]
© 40— = —
L L0 =
20— ---- NLO ]
E = —— NNLO
145 T T ——— NO/I0 -
12 == e
E it/ E
e S P I R R
-3 -2 -1 0 1 2 3

Rapidity distributiony'of an on-shell
W boson at the Tevatron Run I
in LO (PDFs at LO, 1-loop as),
NLO (PDFs at NLO, 2-loops as)
and NNLO (PDFs at NNLO, 3-loop
as) QCD.
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W and lepton asymmetry

W rapidity distribution

BB W KT X Ve=1.06 Tev wsmizoos ] @ Owing to CP invariance W rapidity distribution

= 1 in pp collisions fulfills
== . ] do(W¥)/dyw = do(W™)/d(—yw)

= [ 1 @ No cuts are applied on final states.

35 = 1 @ In the lower panel we show the K-factors
40 = -
" = ] Knneo(y) =
20 - :]Lio 7 [da/dy](N)NLo/[da/dy](N)Lo.

1.4
1.2
1.0

= ———_ N/l =

-

“s

t

e _ =
P I I R A I

-2 -1 0 1 2 3

T A I B Y B

Rapidity distributiony'of an on-shell
W boson at the Tevatron Run I
in LO (PDFs at LO, 1-loop as),
NLO (PDFs at NLO, 2-loops as)
and NNLO (PDFs at NNLO, 3-loop
as) QCD.
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W and lepton asymmetry

W rapidity distribution

BB W KT X Ve=1.06 Tev wsmizoos ] @ Owing to CP invariance W rapidity distribution

= 1 in pp collisions fulfills
= . ] do(W*)/dyw = do(W™)/d(—yw)
= [ 1 @ No cuts are applied on final states.

o(pb)

= 1 @ In the lower panel we show the K-factors
= ] Kwyneo(y) =

Lo

-——- NLO 7 [da/dy] (N)NLO/ [da/dy] (N)LO *

—— NNLO

1 @ In the rapidity region |yw|<2:
B LR Kno(yw) ~ 1.3 - 1.4

-

1.4
1.2
1.0

“s

t

\\\\mm\ﬂ{} Kneo(yw) ~ 1.02 —1.04.

2 - y"' ! 2 3 Good quantitative convergence of the
Rapidity distribution of an on-shell truncated perturbative expansion

W boson at the Tevatron Run I

in LO (PDFs at LO, 1-loop as),

NLO (PDFs at NLO, 2-loops as)

and NNLO (PDFs at NNLO, 3-loop

as) QCD.

T A I B Y B
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W and lepton asymmetry

W charge asymmetry: 4, = Zzgmgﬁx . 32%:;?:%

0.8 [T e @ CDF data on W asymmetry [arXiv:0901.2169]:
PP >W+X-1v+X Vs=1.96 TeV MSTWO08 . .
r ] no selection cuts on final states.

0.6—

r Lo x*/13=2.2
F ----NLO x%/13=32
x?/13=2.8

Alyw)

0.4

0.2

om0
bormo

0.0 0.5 1.0 L5 2.0 25 3.0

The W charge asymmetry at the
Tevatron Run Il in LO, NLO and NNLO
QCD with MSTWO08 PDFs compared
with CDF data.

Lower panel: NLO and NNLO
K-factors.
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W and lepton asymmetry

W charge asymmetry: 4, = Zzgmgﬁx . 32%:;?:%

0.8 [T e @ CDF data on W asymmetry [arXiv:0901.2169]:
PP >W+X-1v+X Vs=1.96 TeV MSTWO08 . .
r ] no selection cuts on final states.

{ @ Very stable perturbative predictions:
Knio(yw) ~ 0.98 —1.08
Knneo(yw) ~ 0.94 — 1.02.

0.6—

[ Lo x*/13=2.2
F ----NLO x%/13=32
0.4]——— NNLO x?/13=2.8

Alyw)

0.2

orrro

0 0.5 1.0 L5 2.0 25 3.0

0
2
1
DY
.9

0.

The W charge asymmetry at the
Tevatron Run Il in LO, NLO and NNLO
QCD with MSTWO08 PDFs compared
with CDF data.

Lower panel: NLO and NNLO
K-factors.
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W and lepton asymmetry

W charge asymmetry: 4,

R
Vs=1.96

_ do(WH)/dyw — do(W™)/dyw
do(W+)/dyw + do(W™)/dyw

@ CDF data on W asymmetry [arXiv:0901.2169]:

e e e no selection cuts on final states.
o8 * @ \Very stable perturbative predictions:
Lo x*/13=2.2
—---NLO  x*/13=32 KNLO(}/W) ~ 0.98 — 1.08
2 o —— w0 /1o-28 Knneo(yw) ~ 0.94 —1.02.
< L

@ Good agreement between data and theory:

{ x? 1 (th,-—exp,-)2

- 2
Npts. Npts. i—1 A,-’exp

0.2

orrro

0 0.5 2.0

0
2
1
DY
.9

0.

The W charge asymmetry at the
Tevatron Run Il in LO, NLO and NNLO
QCD with MSTWO08 PDFs compared
with CDF data.

Lower panel: NLO and NNLO
K-factors.
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W and lepton asymmetry

W charge asymmetry: 4.,y — Zggmgﬁx - ZZ%:;;:%

08T T T T T T T T
r pf,av‘”xﬂwx‘ Vszl‘,ge Tev ‘ 1 @ CDF data on W asymmetry [arXiv:0901.2169]:
no selection cuts on final states.
o T VIO NSTVEO0D 6% G /1o B @ Very stable perturbative predictions:
- —— NNLO ABKMO09 x?/13=8.3 q
/1378 Knro(yw) ~ 0.98 — 1.08
S Knneo(yw) ~ 0.94 — 1.02.
2 r ] @ Good agreement between data and theory:
[ 1 x> 1 (th; — exp;)?
02— — - 2
L B K Npts. Npts. i—1 Ai,exp
r { cOF, L1 tb™' arXiv:0901.2169 1 @ Errors of different PDFs sets do not completely
oot b Ll b L overlap.
0.0 0.5 1.0 1.5 2.0 25 3.0

bA

The NNLO W charge asymmetry at the
Tevatron with MSTWO08 (blue),
ABKMOQ9 (red) and

PDFs with errors compared with CDF
data. Now also NNPDF partons
available at NNLO.
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W and lepton asymmetry

W charge asymmetry: Alyw)

I B I I I
PP W+X-1v+X Vs=1.96 TeV

08 [ — NNLO MSTWZ00B 68% C.L. ¥'/13-2.8 B
—— NNLO ABKMO09 x?/13=8.3

x*/13=7.8

Alyw)

04— —

| CDF, L=1 fb™' arXiv:0901.2169

== D I I IV I D
0.0 0.5 1.0 1.5 2.0 25 3.0

bA

The NNLO W charge asymmetry at the
Tevatron with MSTWO08 (blue),
ABKMOQ9 (red) and

PDFs with errors compared with CDF
data. Now also NNPDF partons
available at NNLO.

Giancarlo Ferrera — Universita di Milano

)

_ do(W*)/dyw — do(W™)/dyw
do(W*)/dyw + do(W=)/dyw

CDF data on W asymmetry [arXiv:0901.2169]:
no selection cuts on final states.

Very stable perturbative predictions:
Kneo(yw) ~ 0.98 — 1.08
Knneo(yw) ~ 0.94 — 1.02.
Good agreement between data and theory:
X2 _ 1 (th; — exp;)?
Npts. Npts. i—1 Al?,exp
Errors of different PDFs sets do not completely
overlap.

Remind: W rapidity cannot be directly measured, its
determination is driven by theoretical
inputs.
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W and lepton asymmetry

_ do(I*)/dy — do(I~)/dy,
do(I*)/dyi + do(I=)/dy

Lepton charge asymmetry:  A(y)

02F PBAWHXST VX @ DO data on electron charge asymmetry
L Vs=1.96 TeV . . .
ook= STRE008 [arXiv:0807.3367]: selection cuts on final states
0F - . . .
F Lo /1260 and lepton isolation requirements.
~_g2[~ ——-NO x*/12=75
g [ — NNLO %%/12=10.0
04— Bl nas
[ E>25 Gev
[ E%>25 GeV |
—0.6[— M;>50 GeV ‘ ‘
[ E>85 GV
02— 3% GV
2 o[ t
= r 10 x?/12=28.1
[ ---NLO x%/12=127
[ — NNLO x%/12=7.2
-0.2—
[ { Do, L:oﬁ‘s T arXiv:OB?'i.BEB'? ‘
0 1 Me 2 3

The electron charge asymmetry in LO,
NLO and NNLO QCD with MSTWO08

PDFs at wide (top) and high (bottom)
E+, compared with DO data.
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W and lepton asymmetry

_ do(I*)/dy — do(I~)/dy,
do(I*)/dyi + do(I=)/dy

Lepton charge asymmetry:  A(y)

02F PBAWHXST VX @ DO data on electron charge asymmetry
L Vs=1.96 TeV . . .
ook o usvE008 [arXiv:0807.3367]: selection cuts on final states
F Lo /1260 and lepton isolation requirements.
~_g2[~ ——-NO x*/12=75 . . i
£ o yiz-100 @ Differences with respect to the W asymmetry due to:
oub I EW dynamics correlations (V-A nature of W coupling
[ E>25 GeV to fermions);
[ E%>25 GeV | . . .
~0.6[~ M550 Gev Kinematics correlations (cuts on ET ).
EL M|
[ E>35GeV .
02— 3% GV
S oo® b
= r 10 x?/12=28.1
[ ---NLO x%/12=127
[ — NNLO x%/12=7.2
-0.2—
[ { Do, L:oﬁ‘s Tt arXiv:OB?'i.BEB'? ‘
0 1 Me 2 3

The electron charge asymmetry in LO,
NLO and NNLO QCD with MSTWO08

PDFs at wide (top) and high (bottom)
E+, compared with DO data.
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W and lepton asymmetry

_ do(I*)/dy — do(I~)/dy,
do(I*)/dyi + do(I=)/dy

Lepton charge asymmetry:  A(y)

02F PBAWHXST VX @ DO data on electron charge asymmetry
C Vs=1.! . . .
ook= s, [arXiv:0807.3367]: selection cuts on final states
F Lo /1260 N and lepton isolation requirements.
~_g2[~ ——-NO x*/12=75 . . i
£ o yiz-100 @ Differences with respect to the W asymmetry due to:
oub I EW dynamics correlations (V-A nature of W coupling
[ Er>25 Gev to fermions);
08 350 Gev | Kinematics correlations (cuts on ET ).
EL M|
[ Er>35 Gev e @ Lepton asymmetries have different sensitivity to
02— i35 Gev : proton densities and QCD corrections are larger than
roooLe e in W asymmetry.
S oo b ]
= r 10 x?/12=28.1
[ ---NLO x%/12=127
[ — NNLO x%/12=7.2
-0.2—
[ { Do, L:oﬁ‘s T arXiv:OB?'i.BEB'? ‘
0 1 Me 2 3

The electron charge asymmetry in LO,
NLO and NNLO QCD with MSTWO08

PDFs at wide (top) and high (bottom)
E+, compared with DO data.
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W and lepton asymmetry

_ do(I*)/dy — do(I~)/dy,
do(I*)/dyi + do(I=)/dy

Lepton charge asymmetry:  A(y)

02 PBAWHXST VX @ DO data on electron charge asymmetry
ook ﬁ;;;f:oﬁgv [arXiv:0807.3367]: selection cuts on final states
of T . . .
F Lo /1260 and lepton isolation requirements.
—~ L --- 2 = . .
%:—02:7 - i;io iﬁ?ii:jﬁo ) leferences.mth respef:t to the W asymmetry due _to:
osb I EW dynamics correlations (V-A nature of W coupling
L E.>25 Gev to fermions);
[ E%>25 GeV | B B B
~0.6[~ M550 Gev Kinematics correlations (cuts on ET ).
EL M|
[ E>35 Gev e @ Lepton asymmetries have different sensitivity to
02— 3% GV ‘ proton densities and QCD corrections are larger than
roooLe e in W asymmetry.
;s = b ] @ Poor description of the data (high value of x?). Data
r L0 x3/12=28.1 . . .
F N Sieien not included in PDFs fit.
[ — NNLO x%/12=7.2
-0.2—
[ { Do, L:oﬁ‘s T arXiv:OB?'i.BEB'? ‘
0 1 Me 2 3

The electron charge asymmetry in LO,
NLO and NNLO QCD with MSTWO08

PDFs at wide (top) and high (bottom)
E+, compared with DO data.
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W and lepton asymmetry

_ do(I*)/dy — do(i~)/dy,
do(I)/dy; + do(I7)/dy,

Lepton charge asymmetry:  A(y)

02f= @ DO data on electron charge asymmetry
I [arXiv:0807.3367]: selection cuts on final states
“r and lepton isolation requirements.
%"‘":_ o amaros isﬁzi‘: ¢ @ Differences with respect to the W asymmetry due to:
g T WO MSTWOB 6% CL. x/12-10.0 L EW dynamics correlations (V-A nature of W coupling
’ [ Er>25 Gev to fermions);
0 ik Gov Kinematics correlations (cuts on ET ).
A BT B . . .
[ E>35 Gev @ Lepton asymmetries have different sensitivity to
02— 138 &y proton densities and QCD corrections are larger than
r in W asymmetry.
2 oof @ Poor description of the data (high value of x?). Data
< + 2 . . .
[ X/12-55 not included in PDFs fit.
[ —— mnio aBkmo9 X°/12=225
opl Lo MSTWOS 68% CL /12=72 @ Inclusion of PDFs errors improves the consistency
[ 1 D0.1=075 1o~ arXiv:08q7.3367 | between data and theory but the PDFs errors do not
0 1 n. 2 3 completely overlap.

The electron charge asymmetry in NNLO
QCD with MSTW08,ABKMO09,

PDFs (with errors) at wide (top) and high
(bottom) Et, compared with DO data.

arlo Ferrera — Universi no RADCOR 2011 Mamallapuram - 27/9/2011

r ord CD corrections for the Drell-Yan process



W and lepton asymmetry

Associated W-Higgs production at NNLO
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W-H production

Associated W-Higgs production at NNLO:

G.F.,Grazzini,Tramontano arXiv:1107.1164

It's a DY-like process
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Associated W-Higgs production at NNLO:

G.F.,Grazzini,Tramontano arXiv:1107.1164

It's a DY-like process

N
N
\‘i

@ At the Tevatron: main search channel in the low Higgs mass region (my < 140GeV).
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Associated W-Higgs production at NNLO:

G.F.,Grazzini,Tramontano arXiv:1107.1164

It's a DY-like process

oy
@ At the Tevatron: main search channel in the low Higgs mass region (my < 140GeV).

@ At the LHC: promising search mode through boosted analysis with jet reconstruction
and decomposition techniques [Butterworth et al.(’08)].
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W-H production

Associated W-Higgs production at NNLO:

G.F.,Grazzini,Tramontano arXiv:1107.1164

It's a DY-like process

oy
@ At the Tevatron: main search channel in the low Higgs mass region (my < 140GeV).

@ At the LHC: promising search mode through boosted analysis with jet reconstruction
and decomposition techniques [Butterworth et al.(’08)].

@ Already known: NLO QCD corrections [Han et al.(’90)], EW corr. [Ciccolini et
al.(’03)] and (for total cross section only) NNLO QCD corr. [Brein et al.(’03)].
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W-H production

Associated W-Higgs production at NNLO:

G.F.,Grazzini,Tramontano arXiv:1107.1164

It's a DY-like process

oy
@ At the Tevatron: main search channel in the low Higgs mass region (my < 140GeV).

@ At the LHC: promising search mode through boosted analysis with jet reconstruction
and decomposition techniques [Butterworth et al.(’08)].

@ Already known: NLO QCD corrections [Han et al.(’90)], EW corr. [Ciccolini et
al.(’03)] and (for total cross section only) NNLO QCD corr. [Brein et al.(’03)].

@ We include in a fully exclusive parton level MC code the DY-like NNLO corrections
(additional heavy-quark loop diagrams eximated to give a contribution < 1% ).
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W-H production

Associated W-Higgs production at NNLO:

G.F.,Grazzini,Tramontano arXiv:1107.1164

It's a DY-like process

oy
@ At the Tevatron: main search channel in the low Higgs mass region (my < 140GeV).

@ At the LHC: promising search mode through boosted analysis with jet reconstruction
and decomposition techniques [Butterworth et al.(’08)].

@ Already known: NLO QCD corrections [Han et al.(’90)], EW corr. [Ciccolini et
al.(’03)] and (for total cross section only) NNLO QCD corr. [Brein et al.(’03)].

@ We include in a fully exclusive parton level MC code the DY-like NNLO corrections
(additional heavy-quark loop diagrams eximated to give a contribution < 1% ).

@ We include H — bb and W — [ decays with spin correlations.
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W-H production

_ Onwio=1.263 £ 0.014 b

05— T T T T L
r ! '""""] @ Selection strategy of [Butterworth et
. Pp->WH+X-1vbb +X 4 .
oale vera e al.(’08)]: search a large-pt Higgs boson
I 1 thorough a collimated bb pair decay.
—oal— - -
R B ]
& [ = 0,=2.617 £ 0003 fb ]
N 0.2} - Ono=1.485 + 0.008 fb {

NNLO/NLO

Bl b b by 4

200 250 300 350 400 450 500
pr’ (GeV)

pT spectra of the fat jet at the LHC

for my = 120GeV at LO (dots),

NLO (dashes) and NNLO (solid).
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W-H production

_ Onwio=1.263 £ 0.014 b

05— T T T T L
r ! '""""] @ Selection strategy of [Butterworth et
L PP-WH+X-lwbb+X | .
oale vera e al.(’08)]: search a large-pr Higgs boson
I 1 thorough a collimated bb pair decay.
ol - ] Cuts:
Ehadw ] - /
S [ ] B 0,=2.617 + 0.003 fb ] LilFi’stsonS- PT > 3056‘/’ |77 ‘ <25,
:0.2} Oyo=1.485 + 0.003 fb { PT > 30G6V, PT > 200GeV.

NNLO/NLO

PN PRI BRI I R R

200 250 300 350 400 450
pr’ (GeV)

pT spectra of the fat jet at the LHC

for my = 120GeV at LO (dots),

NLO (dashes) and NNLO (solid).
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W-H production

Jets: Cambridge/Aach_en algorithm with R=1.2.
Fat jet (contain the bb) p+ > 200GeV,
In?| <25

_ Onwio=1.263 £ 0.014 b

05— T T T T L
r ! '""""] @ Selection strategy of [Butterworth et
L PPoWHHX-lwbb+X .
- vera e al.(’08)]: search a large-pr Higgs boson
I 1 thorough a collimated bb pair decay.
osl - ] Cuts:
Ehadw ] - /
S [ ] B 0,=2.617 + 0.003 fb ] LilFi’stsonS- PT > 3056‘/’ |77 ‘ <25,
:0.2} - Oyo=1.485 + 0.003 fb { PT > 30G6V, PT > 200GeV.

Py’ (GeV)

pT spectra of the fat jet at the LHC
for my = 120GeV at LO (dots),
NLO (dashes) and NNLO (solid).
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W-H production

05— T T T T L
[ ‘ " @ Selection strategy of [Butterworth et
pp->WH+X-1vbb +X .
ool vera e al.(’08)]: search a large-pr Higgs boson
roe ] thorough a collimated bb pair decay.
osl - ] Cuts:
Ehn ; ] - /
S [ ] B 0,=2.617 + 0.003 fb ] LilFi’stsonS- PT > 3056‘/’ |77 ‘ <25,
:0.2: i owio=1.485 + 0.003 fb —| PT > 30G6V, PT > 200GeV.

- 1263 - 00t fo ] Jets: Cambridge/Aach_en algorithm with R=1.2.
: b ] Fat jet (contain the bb) p+ > 200GeV,

In?| <25

Jet veto: No other jets with pr > 20GeV and
|n| < 5.

200 250 300 350 400 450 500
pr’ (GeV)

pT spectra of the fat jet at the LHC

for my = 120GeV at LO (dots),

NLO (dashes) and NNLO (solid).
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W-H production

05— T T T T L
[ ‘ " @ Selection strategy of [Butterworth et
pp->WH+X-1vbb +X .
ool vera e al.(’08)]: search a large-pr Higgs boson
I 1 thorough a collimated bb pair decay.
03? - ] Cuts:
Ehn ; ] - /
S [ ] B 0,=2.617 + 0.003 fb ] LilFi’stsonS- PT > 3056‘/’ |77 ‘ <25,
:0.2: i owio=1.485 + 0.003 fb —| PT > 30G6V, PT > 200GeV.

- 1263 - 00t fo ] Jets: Cambridge/Aach_en algorithm with R=1.2.
' - ' ] Fat jet (contain the bb) p+ > 200GeV,

In?| <25
Jet veto: No other jets with pr > 20GeV and
v In| < 5.
08f NNLO/NLO @ Large negative higher-order corrections: NLO
L] N AN VRPN IR B I (NNLO) effects -52%/-36% (-6%/-19%),
200 250 300 350 400 450 500 . .
pe’ (GeV) depending on the scale choice (factor two around
p1 spectra of the fat jet at the LHC UE = pRr = my + my).

for my = 120GeV at LO (dots),
NLO (dashes) and NNLO (solid).

Giancarlo Ferrera — Universita di Milano RADCOR 2011 Mamallapuram - 27/9/2011
ns for the Drell-Yan process 18/25




W-H production

0.5\\\\\\\\\\\\\\\\‘\\\\‘\\\\

@ Selection strategy of [Butterworth et
al.(’08)]: search a large-pt Higgs boson

pP-WH+X-1wbb +X

0.4; Vs=14 TeV — . =2 .
[ = 1 thorough a collimated bb pair decay.
03? - ] Cuts:
Ehn ; - - /
S [ ] B 01p=2.617 + 0.003 fb ] LilFi’stsonS- PT > 3056‘/’ |77 ‘ <25,
:0.2: i owio=1.485 + 0.003 fb —| PT > 30G6V, PT > 200GeV.

- 1263 - 00t fo ] Jets: Cambridge/Aach_en algorithm with R=1.2.
: b ] Fat jet (contain the bb) p+ > 200GeV,

In?| <25

Jet veto: No other jets with pr > 20GeV and
|n| < 5.

: NNLO/NLO @ Large negative higher-order corrections: NLO
L] N AN VRPN IR B I (NNLO) effects -52%/-36% (-6%/-19%),

200 250 300 350 400 450 500 . .
e’ (GeV) depending on the scale choice (factor two around

p1 spectra of the fat jet at the LHC UE = pRr = my + my).

for my = 120GeV at LO (dots),

NLO (dashes) and NNLO (solid).

@ Jet veto strongly affect the higher order
corrections = stability of fixed order calculation
challenged.
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W-H production

Drell-Yan transverse-momentum resummation at
full NNLL+NLO
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g7 resummation

State of the art: transverse-momentum (q7) resummation

@ The method to perform the resummation of the large logarithms of
gr is known
[Dokshitzer,Diakonov,Troian (’78)], [Parisi,Petronzio(’79)],
[Kodaira,Trentadue(’82)], [Altarelli et al.(’84)],
[Collins,Soper,Sterman(’85)], [Catani,de Florian,Grazzini(’01)]

[Catani,Grazzini(’10)]

@ Various phenomenological studies of the vector boson transverse
momentum distribution exist
[Balasz,Qiu,Yuan(’95)], [Balasz,Yuan(’97)], [Ellis et al.(’97)],
[Kulesza et al.(’02)]

@ Recently various results for transverse momentum resummation in
the framework of Effective Theories appeared [Gao,Li,Liu(’05),
Idilbi,Ji,Yuan(’05), Mantry,Petriello(’10), Becher,Neubert(’10)]
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g7 resummation

DY gt resummation at NNLL-+NLO:

Bozzi,Catani,de Florian,G.F., Grazzini arXiv:1007.2351

@ We have applied for Drell-Yan transverse-momentum distribution
the resummation formalism developed by [Catani,de Florian,
Grazzini(*01)] already applied for the case of Higgs boson
production [Bozzi,Catani,de Florian, Grazzini(’03,’06,’08)].
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DY gt resummation at NNLL-+NLO:

Bozzi,Catani,de Florian,G.F., Grazzini arXiv:1007.2351

@ We have applied for Drell-Yan transverse-momentum distribution
the resummation formalism developed by [Catani,de Florian,
Grazzini(*01)] already applied for the case of Higgs boson
production [Bozzi,Catani,de Florian, Grazzini(’03,’06,’08)].

@ We have performed the resummation up to NNLL+NLO. It means
that our complete formula includes:

NNLL logarithmic contributions to all orders;

NNLO corrections (i.e. O(a%) ) at small g7;

NLO corrections (i.e. O(a2) ) at large g;

NNLO result for the total cross section (upon integration
over qr).

¢ © @ ¢
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g7 resummation

DY gt resummation at NNLL-+NLO:

Bozzi,Catani,de Florian,G.F., Grazzini arXiv:1007.2351

@ We have applied for Drell-Yan transverse-momentum distribution
the resummation formalism developed by [Catani,de Florian,
Grazzini(*01)] already applied for the case of Higgs boson
production [Bozzi,Catani,de Florian, Grazzini(’03,’06,’08)].

@ We have performed the resummation up to NNLL+NLO. It means
that our complete formula includes:

NNLL logarithmic contributions to all orders;

NNLO corrections (i.e. O(a%) ) at small g7;

NLO corrections (i.e. O(a2) ) at large g;

NNLO result for the total cross section (upon integration
over qr).

¢ © @ ¢

@ We have implemented the calculation in a numerical code DYqT
(a public version of it will be available in the near future).
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g7 resummation

Transverse momentum resummation
] fm T_’O
dé,  dele) sl dq{ ] .
= ; ,\(res
dq% dq dq QT qu[ ] o, a0y + 3,522 com al log™ g’—;)

0;
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g7 resummation

Transverse momentum resummation

‘ QT fm T_’O )

da'ab _ d(’j\'g;es) d&gzn) . qu[ d(qT ]fo 0:

dai  dr  dar ' Q7 g aT ] TR 5, S o log™ ().
f. T

Resummation holds in impact parameter space:

dale) m?
dg%

/db Jo(bqT) Wan(b, M), ar <M & Mb>1, log M?/q%>1 & log Mb>> 1
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g7 resummation

Transverse momentum resummation
] Q fm QL_)O )
o dol®  dsim o " aei{ et ]fo =0
= ’ ,\(res
QT qu[ ] Qr—0 115, Zm | Com a2 log™ 2’/1722)
f. T

2 = 2 2
dg7 dg7 dqg%
Resummation holds in impact parameter space:

dale) m?
dg%

/db Jo(bqT) Wan(b, M), ar <M & Mb>1, log M?/q%>1 & log Mb>> 1

In the Mellin moments (fy = fol f(x)xN~1dx) space we have the exponentiated form:

Whi(b,M) = Hn(as)xexp {Gn(as, L)} where L = log (M:sz), by = 2e~7E ~1.12
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Transverse momentum resummation
] Q fm QL_)O )
o dol®  dsim o " aei{ et ]fo =0
= ’ ,\(res
QT qu[ ] Qr—0 115, Zm | Com a2 log™ 2’/1722)
f. T

2 = 2 2
dg7 dg7 dqg%
Resummation holds in impact parameter space:

dale) m?
dg%

/db Jo(bqT) Wan(b, M), ar <M & Mb>1, log M?/q%>1 & log Mb>> 1

In the Mellin moments (fy = fol f(x)xN~1dx) space we have the exponentiated form:

Whi(b,M) = Hn(as)xexp {Gn(as, L)} where L = log (M:sz), by = 2e~7E ~1.12

« « as) 2
ontas, ) =LeWastrred (asti e astie -5 Halas) = oas, m)[1+ 22w+ (22) 9@ ]
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] Q fm QL_)O )
o dol®  dsim o " aei{ et ]fo =0
= ’ ,\(res
QT qu[ ] Qr—0 115, Zm | Com a2 log™ 2’/1722)
f. T

2 = 2 2
dg7 dg7 dqg%
Resummation holds in impact parameter space:

dale) m?
dg%

/db Jo(bqT) Wan(b, M), ar <M & Mb>1, log M?/q%>1 & log Mb>> 1

In the Mellin moments (fy = fol f(x)xN~1dx) space we have the exponentiated form:

Whi(b,M) = Hn(as)xexp {Gn(as, L)} where L = log (M:sz), by = 2e~7E ~1.12
2
Gn(as, L) :Lg(l)(r,rsL)+g,(\12)(a5L)+(stg,(\?)(a5L)+‘ s Hy(as) = U(U)(as, M) [1+%H(,\})+(%> ’H.(,i)%»' . ]

LL (~a2lmth): g, (o),
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g7 resummation

Transverse momentum resummation
] Q fm QL_)O )
6. d6%D  dain o "] G ]fo =9
= ’ ,\(res
QT qu[ ] QTHOI—I—E 2 1 Cnm 2 log™ )

2 = 2 2
dg7 dg7 dqg%
Resummation holds in impact parameter space:

dale) m?
dg%

/db Jo(bqT) Wan(b, M), ar <M & Mb>1, log M?/q%>1 & log Mb>> 1

In the Mellin moments (fy = fol f(x)xN~1dx) space we have the exponentiated form:

Whi(b,M) = Hn(as)xexp {Gn(as, L)} where L = log (M:sz), by = 2e~7E ~1.12
« 2
ontas, ) =LeWastrrel) (as+ e astie 5 Halas) = oas, m)[1+ 223+ (22) 9 ]

LL (NagLn-H): g(l ( ) NLL (~afLn): gl(\lz)' HS\});
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g7 resummation

Transverse momentum resummation
] Q fm QL_)O )
6. d6%D  dain o "] G ]fo =9
= ’ ,\(res
QT qu[ ] QTHOI—I—E 2 1 Cnm 2 log™ )

2 = 2 2
dg7 dg7 dqg%
Resummation holds in impact parameter space:

dale) m?
dg%

/db Jo(bqT) Wan(b, M), ar <M & Mb>1, log M?/q%>1 & log Mb>> 1

In the Mellin moments (fy = fol f(x)xN~1dx) space we have the exponentiated form:

Whi(b,M) = Hn(as)xexp {Gn(as, L)} where L = log (M:sz), by = 2e~7E ~1.12
« « 2
onl(as, L) :Lg(1>(a5L)+g,(\,2)(a5L)+—sg,(V3)(uSL)Jr o Hplas) = 0O (as, M) [1+%H(,\})+(75) HP 4. ]

LL (~allml): g® (0©@); NLL (~a2l™): g, H(; NNLL (~azin-1): g 1,
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g7 resummation

Transverse momentum resummation
] Q fm QL_)O )
6. d6%D  dain o "] G ]fo =9
= ’ ,\(res
QT qu[ ] QTHOI—I—E 2 1 Cnm 2 log™ )

2 = 2 2
dg7 dg7 dqg%
Resummation holds in impact parameter space:

dale) m?
dg%

/db Jo(bqT) Wan(b, M), ar <M & Mb>1, log M?/q%>1 & log Mb>> 1

In the Mellin moments (fy = fol f(x)xN~1dx) space we have the exponentiated form:

Whi(b,M) = Hn(as)xexp {Gn(as, L)} where L = log (M:sz), by = 2e~7E ~1.12
0
2
Gn(as, L) :Lg(1>(a5L)+g,(\,2)(a5L)+a—sg,(\?)(asL)+< o Hylas) = 0@ (as, M) [1+%H(ﬂ})+(%§> H(,i)+u-]
LL (~allrl): g@ (0©@); NLL (~a2l™): g, H(; NNLL (~azin-1): g 1,

Perturbative unitarity constrain and resummation scale Q:

M2b2 - Q2 2 dé (tot)
| S I=1 1) = L =1= [ d = glton).
n( w7 ) n( 7 + ) exp {Gn(as )}|b 0 / q7— (qu)NLHLO Brro
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g7 resummation

Resummed results: gt spectrum of Z boson at the Tevatron /s = 1.96 TeV

@ DO data compared with our NNLL+NLO result.

40 80 80 100

5
il
il

T Doe‘e”

1/0 do/dq, (Gev™')
°
°
3

0.04
T DO ptu

PP -Z+X-1T 174X

F: Vs=1.96 TeV MSTW2008 Q, pp., pg variations E

0 5 10 15 20
ar (GeV)
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g7 resummation

Resummed results: gt spectrum of Z boson at the Tevatron /s = 1.96 TeV

@ DO data compared with our NNLL+NLO result.

@ The NNLL+NLO band obtained varying
LR, bE, Q independently:

1/2 <{ur/mz,pr/mz,2Q/mz, ur/ur, Q/ur} <2
to avoid large logarithmic contributions
(~ In(u%/1%), In(Q%/1%)) in the evolution of
the parton densities and in the the resummed
form factor.

40 80 80 100

»

T Doe‘e”

1/0 do/dq, (Gev™')
°
°
3

0.04
T DO ptu

PP -Z+X-1T 174X

Fi Vs=1.96 TeV MSTW2008

Q. up ug variations B

0 5 10 15 20
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g7 resummation

Resummed results: gt spectrum of Z boson at the Tevatron /s = 1.96 TeV

@ DO data compared with our NNLL+NLO result.

@ The NNLL+NLO band obtained varying
LR, bE, Q independently:

1/2 <{ur/mz,pr/mz,2Q/mz, ur/ur, Q/ur} <2
to avoid large logarithmic contributions
(~ In(u%/1%), In(Q%/1%)) in the evolution of
the parton densities and in the the resummed
form factor.

Sl

1/0 do/dq, (Gev™')
°
°
3

0.04

PP 204X X @ Good agreement between experimental data and

[: Vs=196 TN MSTWROOS Q. g variations ] theoretical resummed predictions (without any
T T T T T T e s model for non-perturbative effects).
ar (GeV) The perturbative uncertainty of the NNLL+NLO

results is comparable with the experimental errors.
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g7 resummation

Resummed results: gt spectrum of Z boson at the Tevatron /s = 1.96 TeV

@ Fractional difference with respect to the reference
result: NNLL4+NLO, pr = pur =2Q = my.

£ AN I —
[ N E
0.4 W I
t \\NLO
r Y4 l
t R
[ \ :
02 N
N [
2
g [
8 L
2
g 5 B
= 00 =
B [ ]
H
g [ ]
£ L 4
7 5 -]
% —o2— —
it I pop'u” ]
[ 1 DO e*e” ]
0.4 —
b [ P N W
1 2 5 10 20 50 100
ar (GeV)
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g7 resummation

Resummed results: gt spectrum of Z boson at the Tevatron /s = 1.96 TeV

@ Fractional difference with respect to the reference
result: NNLL+NLO, pur = urp = 2Q = my.
N ‘ ] @ NNLL+NLO scale dependence is +6% at the
peak, 5% at g7 = 10 GeV and £12% at
gt = 50 GeV. For g7 > 60 GeV the resummed

result looses predictivity.

0.4

o
o

(X—theory)/theory
°
>

1)
]

5 10 20 50
ar (GeV)

arlo Ferrera — Universita di Milano RADCOR 2011 Mamallapuram - 27/9/2011
24/25

Higher order Q ons for the Drell-Yan process



g7 resummation

Resummed results: gt spectrum of Z boson at the Tevatron /s = 1.96 TeV

@ Fractional difference with respect to the reference
result: NNLL4+NLO, pr = pur =2Q = my.
I CTTTTT @ NNLL+NLO scale dependence is £6% at the

o4 ‘\‘\\\ 0 ] peak, £5% at g7 = 10 GeV and £12% at
[ R l g1 = 50 GeV'. For g7 > 60 GeV the resummed
02 1 result looses predictivity.

@ At large values of g7, the NLO and NNLL+NLO
bands overlap.
At intermediate values of transverse momenta the
scale variation bands do not overlap.

\

N

(X—theory)/theory
°
>

1)
]

1 B 5 10 20 50
ar (GeV)
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g7 resummation

Resummed results: gt spectrum of Z boson at the Tevatron /s = 1.96 TeV

@ Fractional difference with respect to the reference
result: NNLL+NLO, pur = urp = 2Q = my.

@ NNLL+NLO scale dependence is +6% at the
peak, 5% at g7 = 10 GeV and £12% at
gt = 50 GeV. For g7 > 60 GeV the resummed
result looses predictivity.

@ At large values of g7, the NLO and NNLL+NLO
bands overlap.
At intermediate values of transverse momenta the
scale variation bands do not overlap.

0.4

o
o

(X—theory)/theory
°
>

@ The resummation improve the agreement of the
NLO results with the data.
In the small-g1 region, the NLO result is
theoretically unreliable and the NLO band
deviates from the NNLL+NLO band.

1)
]

1 B 5 10 20 50
ar (GeV)

RADCOR 2011 Mamallapuram - 27/9/2011
24/25

Giancarlo Ferrera — Universita di Milano
ns for the Drell-Yan process




g7 resummation

(X—theory)/theory

Resummed results:

o
o

o
°

0.4

10 20 50 100

ar (GeV)
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)

gt spectrum of Z boson at the Tevatron /s = 1.96 TeV

Fractional difference with respect to the reference
result: NNLL+NLO, pur = urp = 2Q = my.
NNLL+NLO scale dependence is £6% at the
peak, 5% at g7 = 10 GeV and £12% at

gt = 50 GeV. For g7 > 60 GeV the resummed
result looses predictivity.

At large values of g, the NLO and NNLL+NLO
bands overlap.

At intermediate values of transverse momenta the
scale variation bands do not overlap.

The resummation improve the agreement of the
NLO results with the data.

In the small-g1 region, the NLO result is
theoretically unreliable and the NLO band
deviates from the NNLL+NLO band.

The effect of the new result for the coefficient
AB) which appears in the NNLL g(®) functi
[Becher,Neubert(’10)] is small (within the
perturbative uncertainties).
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Conclusions

Conclusions and Perspectives

@ DY fully exclusive NNLO QCD calculation [Catani,Cieri,de
Florian,G.F.,Grazzini: [arXiv:0903.2120]]: implemented in a parton level
Monte Carlo code, DYNNLO, which allows to apply arbitrary kinematical cuts and
to compute distributions in histograms.
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Conclusions

Conclusions and Perspectives

@ DY fully exclusive NNLO QCD calculation [Catani,Cieri,de
Florian,G.F.,Grazzini: [arXiv:0903.2120]]: implemented in a parton level
Monte Carlo code, DYNNLO, which allows to apply arbitrary kinematical cuts and
to compute distributions in histograms.

@ W and lepton charge asymmetry up to NNLO QCD, [Catani,G.F.,Grazzini
[arXiv:1002.3115]] with different PDFs and compared with Tevatron data:
lepton asymmetry is more sensitive to the partonic dynamics and kinematics.
Perspectives: compare with LHC data.
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Conclusions

Conclusions and Perspectives

@ DY fully exclusive NNLO QCD calculation [Catani,Cieri,de
Florian,G.F.,Grazzini: [arXiv:0903.2120]]: implemented in a parton level
Monte Carlo code, DYNNLO, which allows to apply arbitrary kinematical cuts and
to compute distributions in histograms.

@ W and lepton charge asymmetry up to NNLO QCD, [Catani,G.F.,Grazzini
[arXiv:1002.3115]] with different PDFs and compared with Tevatron data:
lepton asymmetry is more sensitive to the partonic dynamics and kinematics.
Perspectives: compare with LHC data.

@ Fully exclusive NNLO QCD calculation for associated W-Higgs production
[G.F.,Grazzini,Tramontano: [arXiv:1107.1164]] showing illustrative results
where higher-order corrections are important.

Perspectives: extend to the Z-Higgs case.
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Conclusions

Conclusions and Perspectives

@ DY fully exclusive NNLO QCD calculation [Catani,Cieri,de
Florian,G.F.,Grazzini: [arXiv:0903.2120]]: implemented in a parton level
Monte Carlo code, DYNNLO, which allows to apply arbitrary kinematical cuts and
to compute distributions in histograms.

@ W and lepton charge asymmetry up to NNLO QCD, [Catani,G.F.,Grazzini
[arXiv:1002.3115]] with different PDFs and compared with Tevatron data:
lepton asymmetry is more sensitive to the partonic dynamics and kinematics.
Perspectives: compare with LHC data.

@ Fully exclusive NNLO QCD calculation for associated W-Higgs production
[G.F.,Grazzini,Tramontano: [arXiv:1107.1164]] showing illustrative results
where higher-order corrections are important.

Perspectives: extend to the Z-Higgs case.

@ NNLL+NLO DY gr-resummation [Bozzi,Catani,de Florian,G.F.,

Grazzini [arXiv:1007.2351]].
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Conclusions

Conclusions and Perspectives

@ DY fully exclusive NNLO QCD calculation [Catani,Cieri,de
Florian,G.F.,Grazzini: [arXiv:0903.2120]]: implemented in a parton level
Monte Carlo code, DYNNLO, which allows to apply arbitrary kinematical cuts and
to compute distributions in histograms.

@ W and lepton charge asymmetry up to NNLO QCD, [Catani,G.F.,Grazzini
[arXiv:1002.3115]] with different PDFs and compared with Tevatron data:
lepton asymmetry is more sensitive to the partonic dynamics and kinematics.
Perspectives: compare with LHC data.

@ Fully exclusive NNLO QCD calculation for associated W-Higgs production
[G.F.,Grazzini,Tramontano: [arXiv:1107.1164]] showing illustrative results
where higher-order corrections are important.

Perspectives: extend to the Z-Higgs case.

@ NNLL+NLO DY gr-resummation [Bozzi,Catani,de Florian,G.F.,
Grazzini [arXiv:1007.2351]].
Reduction of scale uncertainties from NLL+LO to NNLL+NLO accuracy. The
NNLL+NLO results (without any non-perturbative effects) consistent with the
experimental data in a wide region of qt.
Perspectives: add the dependence on the vector boson rapidity and on the decay
leptons variables, compare with LHC data.
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Conclusions

@ The general relation between 7Y and the IR finite part of the two-loops
correction to a generic process is unknown. We explicit computed it for the DY
process with the following method.

oo 4
Uv,tor _/ dq2 dUNLo
NNLO — T 2
0 dq

@ We decompose the g7 distribution as following:

doNio _ d"/\‘ii(ores‘) da,\‘fL’((;i"')
dq dq’ dg3 '

where the first term on the r.h.s. contains all the the Io%arithmically-enhanced
contributions at small g7 while the second term is free of such contributions.

@ Following the [Bozzi, Catani, de Florian, Grazzini(’06)] formalism we can
then write

do ,(fin.)
V,tot __ 2 NLO
OnNLO = ULO HNNLO JF/ dqt dq 2 .
0

@ This formula allows us to analytically compute H ;o from the knowledge of
the NNLO total cross section and the NLO gr distribution.
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Conclusions

The g7 resummation formalism

The main distinctive features of the formalism we use: [Catani,de Florian,
Grazzini(’01)], [Bozzi,Catani,de Florian, Grazzini(’03,’06,°08)]:
@ Resummation performed at partonic cross section level: PDF evaluated at
wr ~ M: no PDF extrapolation in the non perturbative region, study of ug
and pr dependence as in fixed-order calculations.

@ Possible to make prediction without introducing non perturbative effects:
Landau singularity of the QCD coupling regularized using a Minimal Prescription
[Laenen,Sterman,Vogelsang(’00)], [Catani et al.(’96)].

@ Resummed effects exponentiated in a universal Sudakov form factor Gn(ass, L);
process-dependence factorized in the hard scattering coefficient Hy(as).

@ Perturbative unitarity constrain and resummation scale Q:

M2b2 - 2 2 d
In< 2 ) — L= In(Qb +1) = exp {Q'N(as, }|b =1 = / dq-,—( U) = 0,\(,2‘3),
0

5 qu NLL+LO

@ avoids unjustified higher-order contributions in the small-b region: no
need for unphysical switching from resummed to fixed-order results.

@ allows to recover exactly the total cross-section upon integration on gt

@ variations of the resummation scale @ ~ M allows to estimate the
uncertainty from higher orders uncalculated logarithmic corrections.
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Conclusions

Resummed results: gt spectrum of Z boson at the Tevatron /s = 1.96 TeV

@ Left side: NLL+LO result compared with

Tt 1 fixed LO result.

Ve-toeTev P | Va=1.88 Tev |

Resummation cure the fixed order
divergence at g7 — 0.

@ Right side: NNLL+NLO result compared
with fixed NLO result.

@ The g7 spectrum is slightly harder at

e NNLL+NLO accuracy than at NLL+LO
accuracy.

@ Integral of the NLL+LO (NNLL+NLO)
curve reproduce the total NLO (NNLO)
cross section to better 1% (check of the
code).

do/day (pb/GeV)

20 30 10 o 10
ar (GeV)
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Conclusions

Resummed results: gt spectrum of Z boson at the Tevatron /s = 1.96 TeV

5.00

30

o 1.00
AN 0.50

0.10
20— A\ 0.06

001 el LS
20 40 60 80 100 120

22  NLL+LO

do/dqy (pb/GeV)

NNLL+NLO

| pp~Z%+X-1"17+X

I Vs=1.96 TeV ~ MSTW2008 Up, 1p variations

NLL+LO: pdf=MSTWO08 NLO, 2-loops as
NNLL+NLO: pdf=MSTW08 NNLO,
3-loops ag

carlo Ferrera — Universita di Milano

Our calculation implements v*Z interference and
finite-width effects. Here we use the narrow width
approximation (differences within 1% level).

Uncertainty bands obtained by performing
renormalization and factorization scale variations:
1/2 <{pr/mz,pr/mz, ur/pr} < 2,

with Q = mz/2.

In the region g7 <30 the NNLL+NLO and
NLL+LO bands overlap (contrary to the
fixed-order case).

We observe a significative reduction of scale
dependence going from NLL+LO to NNLL+NLO
accuracy.

Suppression of NLL4+LO result in the large-q1
region (g1 X 60 GeV') (strong dependence fro
the resummation scale, see next plot).
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Conclusions

Resummed results: gt spectrum of Z boson at the Tevatron /s = 1.96 TeV

— LB B
30— 5.00,\\\\‘uu‘uu‘uu‘uu,

@ Uncertainty bands obtained by performing

N 100 E resummation scale variations (estimate of
r 5 ] higher-order logarithmic contributions):
) \ gr0e N 3 mz/4 < Q < mz with pup = pur = myz.
S0 L] ] @ The resummation scale dependence at
Sl 0 0 80 00 120] NNLL+NLO (NLL+LO) is about +5% (+£12%)
Tor o meo | around the peak and £5% (£16%) in the

—— avweNo g7 =20 GeV region and it is larger than the

e renormalization and factorization scale
PP ~Z°+X-1T174+X
IS dependence.
L Vs=1.96 TeV MSTW2008 Q variations |
gl @ Going from the NLL+LO to the NNLL+NLO
ar (GeV) calculation the resummation scale dependence is

reduce by roughly a factor 2 in the wide region
5GeV < g1 $50 GeV.
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Conclusions

Non pertu rbative effects: gt spectrum of Z boson at the Tevatron 1/s=1.96 Te!

OR—T—T—T—T—7 T T T T T T T T T T
I I
@ Up to now result in a complete perturbative
framework.

NNLL+NLO  Q, py, pg variations

NNLL+NLO gnp=0.8 GeV®

@ Non perturbative effects parametrized by a NP
form factor Syp = exp{—gnpb?}:

exp{On(as, L)} — exp{Gn(as, L)} Swe

1/0 do/dq,; (GeV™?)
°
°
3

gnp = 0.8 GeV? [Kulesza et al.(’02)]

PP -Z4+X-1T 174X

Vs=1.96 TeV MSTW2008 -

P R B @ With NP effects the g7 spectrum is harder.

0 5 10 15 20
ar (Gev) @ Quantitative impact of such NP effects is

comparable with perturbative uncertainties.
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Conclusions

Fixed order results: gt spectrum of Z boson at the Tevatron /s = 1.8 TeV

— 11— @ CDF data: 66 GeV < M? < 116 GeV,
LA A R Otot = 248 £ 11 pb [CDF Coll. (°00)]

DO data: 75 GeV < M? < 105 GeV,
Otot = 221 + 11 pb [DO Coll. (’00)]

@ Factorization and renormalization scale variations:
HF = URr = Mz,
1/2 <A{pr/mz,pr/mz, ur/pr} <2,
gt ~ mz : LO £ 25%, NLO £ 8%
qgr ~20GeV : LO +=20%, NLO = 7%

]

]

|
@

1/0 do/dqy [GeV™!
&
~

-5
* o S @ Good agreement between NLO results and data
L ey MRSTR004 N up to g7 ~ 20 GeV.
1078 e e @ In the small qr region (g7 <20 GeV) LO and
ar [Gev] NLO result diverges to +00 and —oo (accidental
LO: pdf=MRSTO02 LO, 1-loop as partial agr.eement at g7 ~5—7 GeV): need for
NLO: pdf=MRST04 NLO, 2-loops ag resummation.

LO and NLO scale variations bands overlap only for g+ > 70 GeV
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Conclusions

Fixed order results: gt spectrum of Z boson at the Tevatron /s = 1.96 TeV

@ DO data [DO Coll.(’08,°10)].

DL R R o A B S
CBErYTT T 17131 @ Scale variations as before: ur = ug = mz,
s L ool =2 1/2 <{pr/mz,pr/mz, pr/pr} <2,
~ 0.05 = @ Experimental errors very small but bins are larger.
S0 | wibi b [ooTm9] @ Qualitatively same situation of Tevatron Run |
= E 0 5 10 15 207 data
2 [ ] ’
"310*5 o - @ LO and NLO scale variations bands overlap only
> F o E for g > 60 GeV
1076 - f 0w Good agreement between NLO results and data
[ pp »Z"+X~e'e™+X
:5::1,95 TeV MRST2004 up to qT ~ 20 Gev
e P O RN R
50 100 150 200 250

qar (GeV)

In the small g7 region (gt <20 GeV) effects of soft-gluon resummation are essential
At Tevatron 90% of the W and Z° are produced with g7 <20 GeV
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Conclusions

F pp ~W+Xoev+X
[ Vs=1.96 TeV, MSTW2008

10°
Mp=Hp=Toy

o(pb/bin)

S
>
I

ot

20 40 60 80
my (GeV)

Transverse mass distribution for W
production at the Tevatron:

mr = \/2P’TP'%’iSS(1 — cos ¢y)

Cuts: p7r™ss > 25 GeV ;
pr! > 20 GeV

In| < 2;

arlo Ferrera — Universita di Milano

=)
5]

The LO distribution is bounded at m+ = 50 GeV.
At LO the W is produced with g7 = 0 therefore,
the requirement p‘{-‘iss > 25 GeV sets

mT Z 50 GeV.

Around this region there are perturbative
instabilities in going from LO to NLO and to
NNLO.

The origin of such instabilities is due to
(integrable) logarithmic singularities in the
vicinity of the boundary (Sudakov shoulder
[Catani,Webber (’97)1).

Below the boundary, the O(a2) corrections are
large (for istance +40% at mt ~ 30 GeV). This
is not unexpected, since in this region the O(a2)
result is actually only a NLO calculation.

Accepted cross sections (errors refer to Monte
Carlo numerical errors ):
o010 = 1.61£0.001 nb
onLo = 1.550 + 0.001 nb
onnLo = 1.586 £ 0.002 nb
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L5 [ e s s s e s L L A s Sy s S s S ey e
pp»(Z+7')+X»e‘*e’+X Vs=14 TeV | MF:I‘/R‘:mZ
MSTW2008 MRST2004
@ Left panel: MSTW 2008 pdf. Going from NLO to
NNLO the total cross section increase by about
3%: onLo = 2.030 £ 0.001 nb and
onnLo = 2.089 £ 0.003 nb (errors refer to Monte
Carlo numerical errors).

60

a(pb/bin)

@ Right panel: MRST 2004 pdf. Going from NLO
to NNLO the total cross section decrease by
about 2%: oy o = 1.992 + 0.001 nb and

obel L v v v b b e b onneo = 1.954 + 0.003 nb.

—4 -2 0 R 4
y

R0

40—

Rapidity distribution for Z production at
the LHC (no cuts).
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Conclusions

Lepton charge asymmetry in pp collisions

. @ Owing to CP invariance w= rapidity distribution

Vs=10 TeV; in pp collision is forward-backward symmetric:
do(W=*)/dyw = do(W*)/d(—yw)

@ W is mainly produced by ud collisions while
W™ is mainly produced by di.
Since (x) ~ d(x) and u(x) > d(x), WT
production is larger and W is produced at larger
rapidities than W ™.

E pp -Wixolwtx MSTWO08

I
=
i

a(pb)

@ Lepton charge asymmetry at the LHC is sensitive
to PDFs with typical momentum fractions smaller
(up about a factor 7) than those proved at the
Tevatron

@ We show the muon asymmetry at the LHC with
typical selection cuts (CMS Coll. ).

@ Good convergence of the perturbative expansion.
The W charge rapidity distribution in LO,

NLO and NNLO QCD with MSTW08 PDFs
in pp collision at /s = 10 TeV.
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Conclusions

Lepton charge asymmetry in pp collisions

0.8 rrrr [ [ @ Owing to CP invariance W rapidity distribution
in pp collision is forward-backward symmetric:
do(W*)/dyw = do(W*)/d(~yw)

@ W is mainly produced by ud collisions while
W™ is mainly produced by di.

Since @i(x) ~ d(x) and u(x) > d(x), W+
production is larger and W is produced at larger
rapidities than W—.

pp-W+X-l+X V=7 TeV

MSTWOB (=

0.2

An,)

o= e NLO

F M;> 50 Gev
F B> 20 GeV
F En+Ef°> 25 GeV

@ Lepton charge asymmetry at the LHC is sensitive
to PDFs with typical momentum fractions smaller
(up about a factor 7) than those proved at the
Tevatron

@ We show the muon asymmetry at the LHC with
typical selection cuts (CMS Coll. ).

@ Good convergence of the perturbative expansion.
The muon asymmetry in LO, NLO and

NNLO QCD with MSTWO08 PDFs in pp
collision at /s =7 TeV.
Lower panel: NLO and NNLO K-factors.
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